Abstract: Differential scanning calorimetry (DSC) was used to investigate the crystallization behavior of polyethylene oxide (PEO) and carbon nanofiber (CNF) filled PEO systems under non-isothermal experimental conditions. The dispersion and distribution of CNF of the composites were studied using scanning electron microscopy. Studies showed the uniform segregation of CNFs in PEO. Different crystallization kinetic models (the modified Avrami equation and the combined approach of Avrami and Ozawa) were used to study the dependence of crystal nucleation on the filler content. Analysis showed that inclusion of CNF to PEO retards the crystallization of PEO at all CNF loading under study.
Introduction
Mixing two or more distinct phase materials have shown a promising way to engineer flexible, lightweight, and strong material composites [1] [2] [3] [4] . Recent advances reveal various routes to optimize the properties of the composites. Effects of different sizes, types and aspect ratios of the reinforcing fillers on different polymer matrices have been studied depending on the vested interest of the composite applications. CNFs, due to their excellent mechanical, electrical and thermophysical properties along with the low cost have found applications as excellent filler material in many polymer matrices [5] [6] [7] [8] [9] [10] . CNF reinforced polymer composites have been studied for areas such as electromagnetic interference (EMI) shielding, thermal heat management, and structural reinforcement.
Polyethylene oxide (PEO) is a semicrystalline polymer, a member of the polyepoxides. Due to its nonionic and highly hydrophilic nature along with lubrication and water retention properties, PEO is widely used in various technological applications (such as polymer electrolyte and biomedical uses) [11] [12] [13] [14] . Yang et al. [15] prepared composites of PEO and phenoxy-grafted multiwalled carbon nanotubes by reactive blending process. The storage modulus and toughness of PEO increased significantly at a 1.5 wt% concentration of MWNT. Similarly, Ratna et al. [16] studied the thermomechanical properties of PEO/clay nanocomposites and observed a strong reinforcing effect at a concentration of 12.5 wt% of clay.
It is well understood that semicrystalline polymers crystallize when the polymer undergoes cooling from melt. The structural properties of such materials depend on the crystalline structure formed while cooling from the melt. It is, therefore, imperative to study the effects of fillers on the crystallization behavior of polymer matrix to explore microstructure and the miscibility of polymer nanocomposites. In this study, the reinforcing effects of CNF in PEO crystallization were analyzed based on Avrami approach and combined approach of Avrami and Ozawa in a non-isothermal crystallization process.
Results and discussion

Non-isothermal curve analysis
The crystallization behavior of neat PEO and PEO/CNF composites were studied in non-isothermal heating mode at four different cooling rates. Figure 1 Crystallization temperature also decreases with increasing cooling rate and CNF concentration as presented in Figure 2a . The enthalpy of mixing was extracted from these isotherms (Fig. 2b) . It is noted that enthalpy decreases with increasing cooling rate as well as with increasing weight fraction of CNF in PEO. In other words, adding CNF results in lower levels of crystallinity. Development of the degree of crystallinity (X T ) as a function of temperature can be calculated from the DSC crystallization thermogram (not shown) using the following equation [17] :
where T o and T ∞ are the temperatures at which crystallization commenced and completed, and H is the enthalpy of the process. Since, the non-isothermal process is a time dependent process, the crystallization time can be correlated to the crystallization temperature through the equation, t = (T o -T)/Φ, where T is the temperature at time t and Φ is the cooling rate. The degree of crystallinity can, therefore, be plotted as a function of time (see Figure 3 ). The plots are approximately sigmoid shaped, flattening at the later stage of crystallization due to impingement of spherulites [18, 19] . The characteristic thermograms are shifted towards the left with the increase of cooling rate, indicating shorter time needed to complete crystallization. Figure 3 can be used to extract the half time of crystallization (t 1/2 ) required to complete 50% of the total crystallization. For easy comparisons, the variation of t 1/2 is plotted as a function of weight fraction of CNF in PEO crystallized at different cooling rates (Figure 4 ). For all PEO/CNF composites, t 1/2 increases when compared to that of neat PEO. This demonstrated that CNF acts as barriers that restrict the thermal motion of polymer, obstructing the crystallization of PEO.
Non-isothermal crystallization kinetics -Modified Avrami equation
The above-mentioned results were evaluated with the modified Avrami equation. The Avrami equation is mainly used for primary stage of crystallization assuming the crystallization temperature is constant. Equations governing such kinetics are [20, 21] :
where K t is the crystallization rate constant during isothermal process and n is the Avrami exponent that describes the crystal growth mechanism and geometry of crystallization. During non-isothermal process each experiment is performed under constant cooling rate (Φ). According to Jeziorny, the Avrami equation can also be used for non-isothermal crystallization where the value of rate constant (K t ) is modified to K c according to the relation [22] , The parameters (n and K c ) characterizing the non-isothermal crystallization process can be obtained by plotting log[-ln(1-X t )] versus log t. Figure 5 represents the plot of log[-ln(1-X t )] as a function of log t for PEO and PEO/CNF(15 wt%) composite studied at different cooling rates. Each curve clearly shows a two-region behavior. The plot changes slope when the crystallinity exceeds over 20-25%. The slope change indicates the change of nucleation mechanism from primary to secondary crystallization. As noted, region 1 corresponds to primary crystallization and region 2 is the secondary crystallization. The addition of CNF introduces a noticeable effect on both primary and secondary crystallization as observed in the Avrami plot (see Figures 5a and 5b) . To understand the degree of perturbation in the crystallization mechanism of PEO, straight-line fitting was performed in both the primary and secondary region. Crystallization parameters n and K c obtained from the slopes and intercepts of the fitted straight line are listed in Table 1 . For PEO, n varies from ca 3. 48 to 2.59 and from ca 1.91 to 1.13 with the cooling rate corresponding to primary and secondary crystallization respectively. The primary stage of the crystallization is mainly due to athermal nucleation of the spherulite growth, which predominantly proceeds as threedimensional growth with a homogeneous nucleation mechanism [23] . This growth is in the high temperature region. At relatively longer time, three-dimensional structures get crowded and impinge. This crowding restricts the usual growth process, thereby initiating simpler low dimensional growth. The crystallization kinetics remains without change with the addition of 1%wt of CNF at all cooling rates. Higher CNF fraction (≥5%wt) modified drastically the crystallization mechanism of the composites. When compared to the values of n for PEO, n values decrease from ca 3.48 to 1.51 for primary crystallization and increase from ca 1.91 to 3.56 for secondary crystallization. This demonstrates a significant change in nucleation mechanism and growth of PEO crystals when the filler fraction increases. At higher CNF weight fraction (≥5%wt), a CNF networks restrict forming higher dimensional growth initially. In a subsequent time, these structures get crowded and impinge each other, thereby, favor the formation of higher dimensional structures (spherulites). This started secondary crystallization with the formation of 3-D spherulite growth with n values higher than 3. Therefore, the growth mechanism of PEO changes from three-dimensional to onedimensional growth as the crystallization temperature decreases at low filler content (1%wt) and reverse is the crystallization process in composites with higher filler content (≥5%wt) under study.
Tab
As noted above, K c denotes the crystallization rate of the polymer molecules during the non-isothermal process. When compared the values of K c for the same cooling rate, the K c values decrease with the higher CNF weight fraction. The overall trend of K c is decreasing and is more pronounced during primary crystallization especially at lower cooling rates. The smaller the value of crystallization rate, the slower is the crystallization process. Based on this analysis, crystallization rate is higher for neat PEO and decreases with increasing CNF concentration, which is in correlation with the change of half time of crystallization as observed in Fig. 5 . This indicates that the presence of CNFs hinder the PEO crystal growth during non-isothermal cooling process.
-Combined Ozawa-Avrami approach
The combined approach of Ozawa and Avrami equation is also a suitable method applicable to non-isothermal crystallization of polymers. This approach has been shown successful to many of the polymer systems such as linear metallocene polyethylenes [24] , kenaf fiber/polypropylene composites [25] , and PEDEKmK [26] . The combined form of Ozawa and Avrami equation is [27] : (5) after solving it is expressed as,
where
1/m is a reaction rate parameter that describes the cooling rate necessary to attain certain degree of crystallinity at unit crystallization time and α = n/m is the ratio of Avrami exponent to the Ozawa exponent. According to equation (6) , the plot of log Φ as a function of log t at certain crystallinity should yield a straight line (see Figure 6 ). The observed linearity indicates the validity of this approach to account for non-isothermal kinetics. The slope and intercept of the corresponding straight line gives the values of α and F(T) respectively and these are listed in Table  2 . For higher degree of crystallinity, the F(T) value is larger since higher cooling is needed to obtain higher degree of crystallinity. Further, at a fixed crystallinity the F(T) value increases with CNF content even for the 1%wt CNF composites. This trend continues for all composites. This demonstrates the function of CNF as a steric hindrance for the PEO crystallization. 
Experimental part
Polyethylene oxide (average molecular weight: 100,000 g/mol) was obtained from Sigma-Aldrich and used as received. Vapor grown carbon nanofibers (Pyrograph III PR-19) were supplied by Applied Sciences Inc. with average diameters = 150 nm and average length = 60 nm. Four different PEO/CNF composites containing 1, 5, 10 and 15 wt.% CNFs were prepared using a two step process. Initially, PEO and CNF were solution mixed in chloroform followed by melt blending at 90 ˚C in a Haake minimixer with a speed of 100 rpm for 6 min followed by 9 min at 100 ˚C with a speed of 140 rpm. The process were shown to be very effective to obtain composite with homogeneously distributed fibers. Figure 7 is a representative morphology of a PEO/CNF composite with 5 wt% CNF.
Differential Scanning Calorimetry (TA Instruments DSC Q100) was utilized to study the phase transition behavior of PEO/CNF composites during non-isothermal cooling process. A continuous nitrogen purge was maintained throughout all experiments. For meaningful comparisons between samples, all heating and cooling scans were made on samples that were exposed to the same thermal history. The samples were first heated to 120 o C and kept at this temperature for 30 min to destroy any nuclei formed previously. The samples were then cooled to 10 o C. Each sample was analyzed through multiple heating and cooling scan at different ramping (1, 2.5, 5, and 10 o C/min). Crystallization thermograms analyzed were from the second cooling scan. 
